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Peptide ﬂexibilityThe Amphipathic-Lipid-Packing-Sensor (ALPS) motif targets the protein ArfGAP1 to curved membranes
during vesicle formation in the Golgi apparatus. ALPS speciﬁcally recognizes lipid packing defects due to the
positive curvature of budding vesicles. In this work we assessed the microscopic interactions between ALPS
and two phospholipid membranes at different degrees of lipid packing by explicit molecular dynamics (MD).
Simulations were performed within loosely packed membranes composed of a mixture of dioleoylpho-
sphatidylcholine (DOPC)/dioleoylglycerol (DOG) at a molar ratio 85:15. Some other simulations were
performed in pure DOPC for which lipid packing is tighter. We show that the presence of DOG causes packing
defects at the phosphate level and thereby modiﬁes some properties of the bilayer. This leads to a higher
hydration of the lipid headgroups. When embedded in a membrane with such defects, ALPS displays a higher
degree of conformational ﬂexibility than in a more packed membrane. We propose that lipid packing sensing
by ALPS may have an entropic origin and that its ﬂexibility is a key feature.SIMB, F-75015, Paris, France.
P.F.J. Fuchs).
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Through evolution, organisms have developed different molecular
strategies to sculpt and sense biological membranes shape. The more
studied proteins are related to eukaryotic cell endomembranes dy-
namics, i.e. epsin [1], clathrin [2,3] and BAR-domains [4–6]modulating
membrane curvature, dynamin [7] promoting vesicles ﬁssion, and
SNARE complexes [8–11] producing membrane fusion. The ability to
sense the different membrane shapes, a process somehow underlying
the different sculpting mechanisms, is so far less understood and
therefore becoming an active scientiﬁc ﬁeld [12–16].
Among the proteins sensitive to membrane shape, ArfGAP1,
involved in the maturation of cis-golgian vesicles, is able to sense
membrane curvature [17]. It allows the disassembly of the COPI coat
(this latter is responsible of vesicle formation in the Golgi by deforming
ﬂat membranes into buds) by sensing the highly curved membrane in
nascent vesicles (radius ~30 nm). In vitro experiments showed that the
afﬁnity of ArfGAP1 to either zwitterionic or anionic liposomes increases
drastically with their curvature (the lower the radius, the higher the
binding) [18]. Interestingly, ArfGAP1 also binds to mixed membranes
containing “non-bilayer” lipids with spontaneous negative curvature
such as dioleoylglycerol (DOG) [19]. The binding of ArfGAP1 to suchmembranes was attributed to the ability of one of its motif to sense
packing defects of the membrane [18]. This motif is an amphipathic α-
helix of 30–40 residues which was called ALPS for Amphipathic-Lipid-
Packing-Sensor [17].
Packing defects can be viewed as a change of physical property of
a bilayer under stress. Such stress occurs when “non-bilayer” lipids
(with a conical shape such as DOG) are incorporated into a ﬂat
membrane made of cylindrical lipids (e.g. dioleoylphosphatidylcho-
line, DOPC) [20], or when the membrane is curved [21,22]. The stress
causes a change in the lateral pressure proﬁle thereby changing the
lateral forces acting on the bilayer. This effect has been proposed to
promote the binding of host molecules [23]. Indeed, several works on
membranes containing diacylglycerol [19,23,24] or on curved mem-
branes [13,16–18,25] were shown to promote the binding of speciﬁc
proteins.
What makes ALPS an interesting study case is some of its in-
triguing features that contrast with other amphipathic helices [14]. Its
spectacular property of sensing highly curved membranes through
packing defects is due to its particular amino-acid composition
[18,25]. It has a polar face rich in serines and threonines, an apolar
face rich in aromatic residues (mainly Phe), and some glycines (see
Fig. 1). Compared to classical amphipathic helices such as antimicro-
bial peptides, ALPS sequence presents a signiﬁcant paucity in pos-
itively charged residues. The replacement of some serines/threonines
by positively charged residues abolishes the ability of ALPS to sense
curved membranes [25], whereas the replacement of some aromatic
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still maintains a degree of curvature sensitivity (residues in bold face
in Fig. 1b) [18]. Interestingly, other proteins that use ALPS-like motifs
to sense membrane curvature were found by screening the yeast and
human sequence databases, mainly on the basis of ALPS physico-
chemical features [25,26]. ArfGAP1 also contains a second ALPS motif
(named ALPS2) which enhances the afﬁnity of the ﬁrst ALPS motif
(named ALPS1) to curved membrane [27]. In the rest of the paper we
will focus on ALPS1 only, and will use the term ALPS when talking
about ALPS1.
Circular Dichroism (CD) experiments of a construct containing the
ALPS motif showed that it undergoes a transition from an unfolded
state in water solution to a partiallyα-helical structure (~45% of helix,
Drin, personal communication) when incubated with small liposomes
(radius of ~30 nm) [18,25]. Thus, the recognition of lipid packing
by ALPS should involve its insertion at the interface of the bilayer
followed by its folding into an α-helix, a process which has been well
studied for other amphipathic peptides and known as partitioning-
folding coupling [28,29]. So far, no structural study at higher res-
olution was conducted on ALPS. Simulations appear as an interesting
alternative to address such questions at atomic resolution. For exam-
ple, Cui et al. recently studied the helix H0 from endophilin which is
also sensitive to membrane curvature [30]. Interestingly, they found
that the helical state is favored by a few kcal/mol on convex mem-
branes, while ﬂat or concave membranes inhibit helix folding.
In this work, we performed molecular dynamics (MD) simulations
in order to obtain structural and dynamic insights on the ALPSmotif at
atomic resolution. We simulated a DOPC membrane in presence of
DOG (85:15 DOPC/DOG molar ratio) to mimic lipid packing defects
that occur in the outer monolayer of a highly curved vesicle [20–
22,31,32]. To test a membrane with fewer defects, we also simulated
the peptide in a pure DOPC bilayer in which it was shown exper-
imentally that the binding is limited [18]. We found that the in-
troduction of DOG in a DOPC bilayer leads to packing defects at the
phosphate level and changes a variety of membrane properties.Fig. 1. (a) ALPS helical wheel diagram. The color code of thewheel diagram is given as in
Ref. [25] (yellow: bulky hydrophobic residues, purple: serines and threonines, gray:
glycines and alanines, blue: positively charge residues, red: negatively charged
residues). (b) Sequence of ALPS indicating the segmentation for the N-terminal, central
and C-terminal segment. The sequence starts at D2 because we consider in this
numbering the N-terminal cap (acetyl) as the ﬁrst residue.Notably lipid headgroups aremore hydrated.When ALPS is embedded
in a bilayer with such defects, it presents an enhanced conformational
ﬂexibility compared to a more packed membrane. Our simulations
suggest that lipid-packing recognition may have an entropic origin.
2. Materials and methods
2.1. System set up
We ﬁrst constructed the pure lipid systems in order to assess the
extent of packing defects in two membranes with different lipid
composition. A patch of 250 hydratedDOPC lipidswas constructed and
simulated for 100 ns under the NPT ensemble. Another patch of 210
DOPC and 40 DOG molecules (molar ratio DOPC to DOG 85:15) was
generated from the previous pure DOPC bilayer by randomlymutating
20 DOPC in each leaﬂet to DOG. This patch was also simulated for
100 ns under the NPT ensemble. For both patches, we added 15 Na+
and 15 Cl− in order to reach a salt concentration of ~60 mM com-
patible with the peptide simulations (see below). All details regarding
these procedures are described in Supp. Info.
For the peptide simulations we constructed the system in bilayers
of either 250 DOPC or 210 DOPC and 40 DOG molecules (using the
same extent of hydration and same number of ions). The peptide was
inserted in the interfacial region of one of the two leaﬂets, centered on
the glycerol moieties of lipids (i.e. the most probable location of
amphipathic peptides [33]). As no high resolution structure of the
peptide was available, we had to choose a proper starting structure.
A construct 192–257 of ArfGAP1 that contains ALPS (ALPS corre-
sponds to the segment 197–231 in ArfGAP1) gave a clear helix signal
by CD [18] with about 45% of helicity evaluated from the ellipticity at
222 nm (Drin, personal communication). Moreover, the mutation
L207D located in the ALPSmotif gave a clear loss of helicity [27]. Taken
together these results show that the ALPS region (197–231) should be
helical to some extent, but probably not on its whole length. Thus,
rather than starting from a partial α-helix of the peptide without the
precise knowledge of ALPS structure, we constructed the whole
peptide as an α-helix. This way it was faster to reach the proper
ensemble that ALPS takes at a bilayer interface as it is partially α-
helical, rather than starting from a random coil and wait its complete
folding (which is probably on tens to hundreds of μs time scale). After
a 10 ns equilibration (5 ns with position restraints on the peptide
followed by 5 ns without any restraints), each system was simulated
for 110 ns for further analysis. Three replicas were run for each con-
dition (see below and Table 1) using different initial velocities. Unless
otherwise stated, all the analyses were done on the three trajectories
concatenated as a single one. All the details of the construction
procedure are provided in the Supp. Info.
2.2. Simulation details
We used the all-atom OPLS-AA force-ﬁeld [34] for the peptide in
combination [35]with the united atomparameters fromBerger et al. for
DOPC [36]. We included some corrections for the unsaturation (cis
double bond) of each acyl chain [37,38]. For DOG we used the
parameters from the Berger lipids except for the alcohol moiety of the
headgroup (because it does not exist in the Berger's set). Since Berger
lipids use a united-atom representation, Lennard-Jones parameters
were taken fromOPLS-UA for alcohols [39]. The choice of an appropriate
charge is in general trickier in lipid simulations. Since Berger's set is a
combination of many different sources [36] (most of the bonded
interactions fromGROMOS, Lennard-Jones fromOPLS-UA except for the
alcaneswhichwere optimized independently, rather polar charges from
an independent QM work), and it was used in literature with either
GROMOS or OPLS derived force ﬁelds for proteins [40], we tested two
different sets of charges for the DOG alcohol moiety to assess their
inﬂuence on the bilayer properties. The ﬁrst set was taken from the
Table 1
Summary of the simulations. For peptide/lipids, we systematically performed three
replicas of 110 ns using different initial velocities. Unless explicitly stated, all properties
in the paper are evaluated on the three concatenated trajectories (the codes refer to
these latter).
System Bilayer Charge on DOG Simulated
time (ns)
Simulation
code
Pure lipids Pure DOPC – 100 Lpur
DOPC/DOG GROMOS96 100 LmixG96
DOPC/DOG OPLS-UA 100 LmixOPL
Lipids and peptide Pure DOPC – 110×3 Ppur
DOPC/DOG GROMOS96 110×3 PmixG96
DOPC/DOG OPLS-UA 110×3 PmixOPL
Fig. 2. Density proﬁles of the different membranes (a) without and (b) with peptide.
Thick solid, thick dashed and thin solid lines refer to simulations in pure DOPC (Lpur/
Ppur), mixed DOPC/DOG with GROMOS (LmixG96/PmixG96) or OPLS charges
(LmixOPL/PmixOPL) respectively. Black, red, green, blue and magenta colors corre-
spond to the whole system, DOPC, water (SOL), DOG and peptide (Pept) respectively.
The inset in Fig. 2a shows the left peak of pure DOPC and DOPC/DOG (for the whole
system) aligned on each other. The yellow area represents the difference between both
curves and highlights the occurrence of less densely packed matter in DOPC/DOG. The
little difference between LmixG96 and LmixOPL in the inset is highlighted in green.
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-0.548 e. The second set was taken from the OPLS-UA force ﬁeld for
alcohols [39]which has amore polar charge of -0.700 e. For each set, the
charge on the hydrogen was taken from the corresponding force ﬁeld
(0.398 and 0.435 for GROMOS96 and OPLS-UA respectively) and the
remaining charge was adjusted on the neighboring atoms in order to
have the molecule neutral. All simulations are summarized in Table 1.
TIP3P water model was used as solvent [42] for compatibility with
the peptide modeled with OPLS-AA. Accordingly, parameters for Na+
and Cl− were taken from the OPLS force ﬁeld [43]. All simulations
were performed using GROMACS 3.3.3 [44] and GROMACS 4.0.7 [45].
Simulations were run under the NPT ensemble and periodic boundary
conditions were applied in all directions. We used the weak coupling
algorithm of Berendsen [46] to maintain the system at a constant
temperature of 313 K using a coupling constant of 0.1 ps (protein,
lipid and water-ions separately). Pressure was held constant semi-
isotropically (x and y dimensions were scaled by the same factor,
whereas the z dimensionwas scaled independently from x and y) with
the Berendsen algorithm [46] at 1 atm with a coupling constant of
1 ps. Water molecules were kept rigid using the SETTLE algorithm
[47]. All other bond lengths were constrained with the LINCS al-
gorithm [48], allowing a 2 fs time step. We used a short-range cou-
lombic and van der Waals cut-off of 1 nm and calculated the long-
range electrostatic interactions using the smooth particle mesh Ewald
(PME) algorithm [49,50] with a grid spacing of 1.2 Å and an inter-
polation order of 4. The neighbor list was updated every 10 steps.
Molecular conﬁgurations were saved every 100 picoseconds for
further analysis. All trajectory analyses are described in detail in the
Supp. Info. Part of the calculations were performed at the “Mesocentre
de Calcul—SIGAMM facility” at Observatoire de la Côte d'Azur.
3. Results
3.1. Qualitative characterization of packing defects in a mixed
DOPC/DOG membrane
To the best of our knowledge, mixed membranes of dioleoylpho-
sphatidylcholine (DOPC) and dioleoylglycerol (DOG) have never been
studied by MD simulations. Here we wanted ﬁrst to locate the occur-
rence of packing defects in a DOPC membrane containing 15% of DOG
with respect to a pure DOPC bilayer and assess qualitatively the main
consequences of the introduction of DOG on some bilayer properties.
In Fig. 2a is presented a density proﬁle of the pure and mixed mem-
branes with the two charge sets. The black traces representing the
whole system show that a pure DOPC bilayer reaches a higher density
(~1300 kg·m−3) than a mixed one (~1250 kg·m−3) whatever the
charge on DOG. When the peaks are aligned it is even more visible
(see inset). This difference occurs at the place where the density is the
highest (at the top of the peak), i.e. at the phosphate level and to a
lesser extent glycerol and choline level. In contrast, density is similar
in the center of the bilayer for every system. The decrease of density at
the phosphate level shows that the bilayer is less densely packed inthis area when 15% of DOG is introduced at the expense of DOPC (see
yellow area in Fig. 2a inset). In other words, the presence of DOG
induces defects of lipid packing. Interestingly, these defects lead to a
higher hydration of the bilayer interface (see Fig. S1). Both the
decrease of density at the phosphate level and the higher hydration
are reproducible with the two sets of charges on DOG. The density is
just slightly lower with LmixG96 compared to LmixOPL (green area in
Fig. 2a inset).
Other membrane properties like bilayer thickness and order pa-
rameter are affected by DOG. We can notice in Fig. 2a that a DOPC/DOG
bilayer is thicker thanpureDOPC. The hydrophobic thickness for the sn2
chains (measured from the ﬁrst methylene after the carbonyl)
calculated from our simulations gives 2.7 nm for pure DOPC (in good
agreement with experimental data [51]). In DOPC/DOG we ﬁnd 2.9 nm
for LmixOPL and 3.0 nm for LmixG96 showing that the trend of
membrane thickening is present with both set of charges but it is still
slightly thicker with LmixG96. Formation of packing defects at the
phosphate level is well explained by the partitioning of DOG in the
center of the membrane. As a result, the order of DOPC acyl chains
increases in the center of the bilayer, while it is less perturbed in the
intermediate part between the carbonyl and double bond (see Fig. 3).
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DOG than in pure DOPC, in good agreement with the occurrence of
packing defects in this area.We can note that the order parameter is not
much affected by the charge of DOG.
Overall these results show thatpackingdefects are present in amixed
DOPC/DOGmembraneat85:15molar ratio. TheDOGconcentrationused
in our work (15%) is consistent with those used experimentally (10 and
15%) for testing ArfGAP1 binding to ﬂat membranes [19]. Hence, our
DOPC/DOG bilayer is suitable for assessing the microscopic effects of a
loosely packed membrane on the ALPS peptide.3.2. Partitioning and orientation of ALPS
The partitioning of ALPS at the membrane/water interface in the
pure DOPC and DOPC/DOG bilayers is presented in Fig. 2b (magenta
lines). ALPS partitioning is centered near the phosphate/glycerol level
(see Fig. S2) in both pure DOPC and DOPC/DOG. This is in accordance
with the general location of amphipathic peptides determined by X-
ray diffraction [33]. However, the peptide takes more transversal
space (the Gaussian is more spread) in pure DOPC than in DOPC/DOG.
In Fig. 2b, the small shift of the peptide to the left in DOPC/DOG
compared to pure DOPC is due to an increase of thickness of theFig. 3.DOPC order parameter in the three systems for the (a) sn1 and (b) sn2 chains up to
the polar head. Note thatwhenwe follow the sn1 chain up to the choline, it is one carbon
longer than for sn2 because there is one more atom at the glycerol level. On the x-axis,
labels correspond to atomnames (Ch for choline, P for phosphate, Gl for glycerol, and Crb
for carbonyl). The tails are always more ordered in DOPC/DOG due to the presence of
DOG in the center of the bilayer. In the intermediate part of the lipid, the order parameter
is similar for all systems (the minor deviations are not signiﬁcant). In the upper part of
the lipids (notably phosphate) it is more ordered in pure DOPC than in DOPC/DOG
because lipids are packed closer to each other.former. It is very interesting to notice that the peptide is located at the
same level as the packing defects, which is consistent with its sensing
properties. The snapshots in Fig. 4 show the deep insertion of bulky
hydrophobic and aromatic side chains (F4, L5, L12,W16, F19, and F26)
in the hydrophobic core of the bilayer. Y13 partitioning is closer to the
headgroups due to its more polar nature. As expected for an am-
phipathic peptide, the orientation of the helix is parallel to the plane
of the bilayer (the tilt of the helix axis with respect to themembrane is
~ 90°) and the rotation about the helix axis is such as the hy-
drophobic residues face the hydrophobic core of the bilayer. Both tilt
and rotation angles show little ﬂuctuations throughout the different
trajectories (data not shown). All these data are similar with both sets
of charges.3.3. ALPS structure and conformational diversity
The starting α-helix of ALPS quickly disrupts in all our simulations
(see the evolution of secondary structure in Fig. S3). Especially, the
central part and to a lesser extent the C-term part adopt bend, turn orFig. 4. Snapshots of the whole system in (a) pure DOPC and (b) DOPC/DOG (LmixG96).
In each case the snapshot corresponding to the ﬁrst cluster of Fig. 5 has been taken. The
peptide is in licorice representation with the polar face in purple, and the hydrophobic
face in yellow. The detail of the color code is the same as in Fig. 1. The lipids are in gray
and the phosphate, glycerol and choline moieties are represented by colors dots in blue,
orange and red respectively. In DOPC/DOG (LmixG96), DOG molecules are represented
as purple wireframe and the hydroxyl moiety as a green sphere.
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quite stable and disrupts only once in all the simulations (md1 of
PmixOPL). The helicity plot conﬁrms the helix fragility in ALPS central
part (see Fig. S4a). This correlates well with the lower α-helix pro-
pensity of the central part (See Fig. S4b). According to the helicity plot,
ALPS has three distinct regions that we call N-term (D2-S14), central
(G15-G22) and C-term (A23-K36) from now to the end of the paper
(their detailed sequence is shown in Fig. 1b). The three regions are
separated by G15 and G22, for which the helicity content drops to
zero. This suggests that the two glycines could act as hinges within the
helix. The last glycine (G33) has also a helicity of zero, which partly
explains the trend of the C-term helix to disrupt. This data raises the
question whether or not the GATK sequence in the C-term region
should be part of the packing sensor in ALPS (see Discussion).
We then analyzed in details the main conformations along the
trajectories by performing a clustering analysis. We chose a backbone
RMSD cut-off of 2 Å in order to obtain a reasonable number of
signiﬁcantly populated clusters (see Fig. S5). The different clusters are
presented in Fig. 5. The ﬁrst striking result is that the number of
clusters is signiﬁcantly higher in DOPC/DOG (10 and 9 clusters
accounting for ~90% of all conformations for PmixG96 and PmixOPL
respectively) than in pure DOPC (6 clusters accounting for ~90% of all
conformations).We obtain this result whatever the value of the RMSD
cut-off (see Fig. S5). In both systems, the most populated cluster
(cluster 1) shows minor deviation from an ideal α-helix, but is much
more populated in DOPC (~40%) than in DOPC/DOG (~20%). Almost
all the other clusters correspond to a bent or kinked helix. Often in
DOPC/DOG, we observe a doubly kinked helix with G15 and G22 as
hinges. In Fig. 5, all clusters are aligned on the N-term part in order to
see that the C-term part points towardmanymore different directions
in DOPC/DOG. The central region acts as a ﬂexible linker between the
N- and C-term regions and is muchmore ﬂexible in DOPC/DOG than in
pure DOPC.
Our simulations suggest that the greater ﬂexibility of ALPS central
part is a consequence of the higher occurrence of packing defects in
the DOPC/DOG bilayer. This is well illustrated by the root mean square
ﬂuctuations (see Fig. S4c), where the curves in the central region are
signiﬁcantly higher (indicating a higher ﬂexibility) in DOPC/DOG than
in pure DOPC. To get more clues about the extent of conformational
space visited by the peptide, we performed a principal component
analysis on ALPS backbone. In Fig. 6 is presented the projection of each
trajectory on the two ﬁrst principal components. The spread of points
is more important in DOPC/DOG (red and blue crosses) compared to
pure DOPC (black crosses). This clearly indicates that ALPS backbone
visits more conformations in DOPC/DOG whatever the charge on DOG
(PmixG96 and PmixOPL) than in pure DOPC. Our simulations thus
predict that ALPS is more ﬂexible in amembranewith packing defects.
Interestingly, the average number of backbone/backbone hydrogenFig. 5. Superimposition of the most populated ALPS clusters in (a) pure DOPC (Ppur) and DO
represented clusters amounts to~90% of the whole ensemble. Snapshots are colored accord
ranked according to their population. All snapshots were aligned on the N-term part (F4-L1bonds is similar for the three systems (see ﬁrst line of Table 2). This
shows that the higher ﬂexibility in DOPC/DOG does not originate from
a destabilization of backbone hydrogen bonding.
Side chain-wise (see Fig. S6), we observed that some residues tend
to be more ﬂexible in DOPC/DOG than in DOPC. Especially, those with
bulky side chains at the end of the N-term part and in the central part
(all aromatics Y13, W16, F19, and to a lesser extent L12, M9) visit
more rotamers in DOPC/DOG than in pure DOPC. However, this is only
a trend as it is not always reproducible with the two sets of charges
and it would require more sampling for a more precise quantiﬁcation.
Nevertheless, this is in accordance with the higher ﬂexibility of the
central region in a loosely packed membrane. Last, the three central
aromatic residues (Y13,W16 and F19) are disposed in such a way that
they make frequent stacking interactions (sometimes W16 is even
doubly stacked between Y13 and F19), whatever the bilayer.
3.4. Interactions between the peptide and its environment
The content of hydrogen bonds in the system is reported in Table 2.
In both bilayers there is an average of 50 hydrogen bonds between the
peptide and water. Around one third involve Ser and Thr. As their
percentage in the sequence is 30% of all residues, each Ser/Thr makes
on average one H-bond with water. Other polar/charged residues also
contribute signiﬁcantly to the number of hydrogen bonds with water.
This shows that the polar face is well hydrated.
The peptide additionally makes hydrogen bonds with lipids but to a
lesser extent (10 on average). This lower amount is due to the lower
number of available donors and acceptors in lipids (in the vicinity of the
peptide) compared to water. Importantly, there is no signiﬁcant
difference in hydrogen bonding between both systems (the deviations
are within the error). The kinetics of hydrogen bonding has been as-
sessed with the autocorrelation of the hydrogen bond existence (see
Fig. S7). Thanks to the smaller size of water molecules compared to
lipids, peptide/water hydrogen bonds are more transitive (on the
hundred of ps time scale) than for peptide/lipids (ten of ns time scale)
whatever the system.On average, H-bond life timebetween the peptide
and lipids tends to be shorter in DOPC/DOG with PmixG96 charge than
in the two other systems.
In Fig. 7 is presented the number of water molecules at a certain
distance from the peptide for the three systems, reﬂecting non-speciﬁc
contacts between both groups. Interestingly, the number of molecules
near the peptide is higher in the case of the DOPC/DOG bilayer for both
sets of charges compared to pure DOPC. For example, we ﬁnd on
average 157molecules in DOPC/DOG compared to 144 in pure DOPC at
a distance of less than 5 Å. Also, the higher this distance, the greater the
number of water molecules near the peptide in DOPC/DOG compared
to pureDOPC. This is in perfect agreementwith the higher hydration of
the DOPC/DOG bilayer compared to pure DOPC (See Fig. S1). AlthoughPC/DOG with (b) PmixG96 and (c) PmixOPL charges. In each case, the population of the
ing to the N-term (green), central (yellow) and C-term (blue) segments. Clusters are
2) which is α-helical in almost every cluster.
Fig. 6. Projection of the backbone conformations on the two ﬁrst principal components
for the three systems. Colors follow the same code as in Fig. 3.
Fig. 7.Number of water molecules in the proximity of the peptide for the three systems.
Colors follow the same code as in Fig. 3.
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similar in both systems, packing defects lead to a larger number of non
speciﬁc (medium ranged) contacts with water due to a higher
hydration of the DOPC/DOG bilayer. It is likely that this differential
hydration inﬂuence the α-helix stability (see Discussion).
Last, the introduction of the peptide in one of the leaﬂets of the
bilayer slows down DOPC molecules in that leaﬂet (see Fig. S1). In the
other leaﬂet, DOPC tends to diffuse at the same speed than a peptide-
free bilayer.4. Discussion
Ourwork shows for the ﬁrst time someMD simulations of the ALPS
motif in two membranes at different degrees of lipid packing. In the
next sections, we discuss on the effect of packing defects on the
bilayer, the effect of the DOG charge on bilayer properties, and the
importance of the peptide ﬂexibility for the adaptation of ALPS to
packing defects. We then discuss the potential role of ﬂexibility as
well as the sequence speciﬁcity of ALPS in a more general context of
curvature sensing.Table 2
Hydrogen bond content in the different simulations. In each case, the average value
over the three trajectories is reported with the standard error in parenthesis. The
numbers include the backbone and side chain hydrogen bonds, except for the ﬁrst line
(peptide/peptide) for which only the backbone is considered.
Pure DOPC
(Ppur)
DOPC/DOG
(PmixG96)
DOPC/DOG
(PmixOPL)
Peptide (backbone)/
peptide (backbone)
19.5 (1.0) 20.4 (0.7) 18.5 (1.2)
Peptide/water 49.3 (0.8) 50.6 (1.2) 50.3 (1.4)
ST/water 15.1 (0.3) 15.1 (0.6) 15.4 (0.4)
G/water 1.0 (0.1) 0.7 (0.1) 0.8 (0.7)
K/water 5.5 (0.6) 6.2 (0.3) 5.9 (0.3)
DE/water 18.3 (0.3) 19.3 (0.2) 19.2 (0.3)
N/water 2.4 (0.3) 2.8 (0.1) 2.7 (0.3)
F/water 0.8 (0.3) 0.4 (0.1) 0.6 (0.3)
Y/water 1.9 (0.1) 1.7 (0.1) 1.8 (0.1)
W/water 0.6 (0.1) 0.7 (0.2) 0.6 (0.1)
L/water 0.2 (0.1) 0.1 (0.2) 0.1 (0.1)
Peptide/lipids 11.5 (0.5) 11.2 (0.7) 13.9 (1.8)
ST/lipids 3.4 (0.3) 3.0 (0.5) 3.5 (0.4)
G/lipids 0.2 (0.1) 0.2 (0.1) 0.5 (0.2)
K/lipids 4.6 (0.9) 4.1 (0.6) 4.7 (0.4)
DE/lipids 0.9 (0.2) 1.1 (0.1) 1.5 (0.3)
N/lipids 0.5 (0.2) 0.2 (0.1) 0.5 (0.1)
F/lipids 0.2 (0.1) 0.2 (0.1) 0.2 (0.1)
Y/lipids 0.3 (0.1) 0.4 (0.1) 0.2 (0.1)
W/lipids 0.4 (0.1) 0.6 (0.1) 0.7 (0.2)
L/lipids 0.1 (0.1) 0.0 (0.0) 0.0 (0.0)4.1. DOG induces packing defects in a DOPC bilayer
The introduction of DOGmolecules in a DOPCmembrane at a molar
ratio 85:15 induces packing defects at the phosphate level. Some
properties of the bilayer are affected such as (i) an increase of thickness,
(ii) a modiﬁcation of the order parameter. How well do these mod-
iﬁcations reproduce vesicular conditions in terms of lipid packing,
especially in the area where the peptide binds (lipid headgroups)?
Using coarse-grained simulations, Marrink and coworkers could obtain
insightful details on the packing of lipids in highly curved vesicles
(radius of 15–20 nm) at near-atomic resolution [31,32]. They notably
found that lipid headgroups (between phosphate and choline) are less
ordered in the outer leaﬂet of a vesicle than in a ﬂat membrane [31]. In
our simulations, we ﬁnd that lipid headgroups are less ordered in DOPC/
DOG than in pure DOPC. Thus, both the introduction of DOG or
membrane curvature decrease the order of lipid headgroups, which is in
good agreement with their (i) lower packing and (ii) higher hydration.
Membrane curvature [22] or the presence of lipids with spontaneous
negative curvature in a bilayer made of cylindrical lipids [20,21] change
the lateral pressure proﬁle in a similarway,which result in thesedefects.
This demonstrates that a mixed membrane DOPC/DOG is a good model
for reproducing lipid packing defects that occur owing to positive
membrane curvature. The analyses in terms of density or order
parameter bring an average view of these defects, but it is important
to keep in mind that they are highly dynamic due to the ﬂuidity of the
bilayer (they form and break on short time scales). Recently, Voth and
coworkers found that the number of what they call “hydrophobic
packing defects” increases with curvature, but none of them are big
enough to accommodate a peptide [30]. They proposed that larger
defects may form by coalescence of non-interacting smaller defects. In
the future itwill be interesting to characterize the consequences of their
occurrence on bilayer elastic properties (bending and compressibility
modulus).
4.2. Inﬂuence of the DOG charge on bilayer properties
In this work, two sets of charges for the DOG alcohol moiety were
used in combination with Berger lipids. What are the properties
affected by this choice? LmixG96 gives a thicker membrane than
LmixOPL. This can be explained by the difference in DOG partitioning.
It stays more in the center of the membrane with LmixG96, whereas
the higher charge of LmixOPL results in a higher ability of DOG to
protrude toward the carbonyls/phosphates of DOPC. DOG partitioning
is thus more spread (see blue lines in Fig. 2a). At the dynamic point of
view, DOPC lateral diffusion (1.2×10−7 cm2/s) does not change be-
tween a pure DOPC bilayer and DOPC/DOGwith LmixOPL charges (see
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also observed for LmixG96 that the DOG molecules could undergo
transversal diffusion on tens of ns time scale, while no ﬂip-ﬂop event
was detected for LmixOPL. The ﬂip-ﬂop rate is overestimated with
LmixG96 as experimental values are on thems to s time scale [52]. The
lower charge of LmixG96 clearly underestimates the ﬂip-ﬂop barrier
of DOG.
In sum, these data show that the system dynamics is better de-
scribed by LmixOPL compared to LmixG96. However, LmixG96 is still
able to give correct predictions at the structural point of view as both
set of charges give qualitatively equivalent results.
4.3. Importance of ALPS ﬂexibility for its adaptation to packing defects
CD experiments showed that a construct (197–257 in ArfGAP1)
containing ALPS is unfolded in water and folds into an α-helix when
incubated with liposomes of small size [18,25]. Here, we simulated
the minimum ALPS sequence which is shorter than this construct
(197–231 in ArfGAP1). Some preliminary simulations performed in
water for 100 ns (not shown) starting from an ideal α-helix showed
rapid (within ~10 ns) and complete unfolding. In contrast, the sim-
ulations in DOPC and DOPC/DOG bilayers showed that the α-helix
breaks within a few ns, but the peptide globally remains α-helical in
every trajectory (~45% of helicity if we remove the GATK tail). Even if
the CD spectra were recorded on a longer sequence, our results are in
qualitative agreement with experiments. Our work provides in
addition a molecular and dynamic view of the problem. It suggests
that when ALPS binds to the membrane, it does not fold into a
“perfect”, rigid α-helix whatever the nature of the bilayer. Instead, a
ﬂexible helix is more suited to adapt to the packing defects inherent to
the membrane. The higher the number of defects, the higher the
conformational ﬂexibility of ALPS central part. The backbone adopts a
greater number of conformations (notably 310 helix/turns) and the
bulky side chains (especially the central aromatic residues) may visit
more rotamers.
Our simulations suggest that ALPS ﬂexibility is the key response to
the loose packing of the DOPC/DOG membrane. How does the oc-
currence of packing defects favors ALPS ﬂexibility in its central part? In
our simulations, we observed that the packing defects lead to a higher
hydration of ALPS. Furthermore, as it is an amphipathic peptide it lies
at the interface of the membrane, at the frontier between hydrophilic
and hydrophobic environments. Liu and Deber showed by CD that
some residues have differential propensities forα-helixwhen they are
in a hydrophilic or hydrophobic environment [53]. For example, Gly,
and to a lesser extent Ser and Thr, destabilize helices in water whereas
they favor them in butanol. These residues are present in the central
part of ALPS. Taken with our results, the helix in the central part
of ALPS would bemore destabilized (and thus more ﬂexible) in DOPC/
DOG because of its higher hydration than in pure DOPC. The other
residues of the central part and those from the N and C-term parts are
all prone to favor helices in both hydrophobic and hydrophilic
environments, explaining the global α-helical character of ALPS.
We now focus on the problem the otherway round: in a real binding
event, ALPS recognizes the degree of packing of the membrane. Is the
higherﬂexibility apotential explanation for thehigher afﬁnity ofALPS to
a loosely packed membrane? Our work does not allow answering
directly this question but gives a fewhints. Our simulations suggest that
hydrogen bonding plays no role in the recognition of lipid packing by
ALPS since the H-bond content between ALPS and its environment
(water and lipids) is similar for both types of membrane. Instead, the
higher ﬂexibility of the peptide (backbone and side-chains) in DOPC/
DOG suggests that the recognition of lipid packing defects may have an
entropic origin. Indeed, peptide binding to amembrane (best viewed as
“partitioning” [29]) is like any binding process, it is promoted by
enthalpy (partner1/partner2 stabilizing interactions) and opposed by
entropy (loss of translational, rotational and internal degrees of freedomof the two partners) [54]. In this context, ALPS binding to a loosely
packed membrane would lower the entropic cost of the partitioning/
folding process by giving more conﬁgurational freedom to the peptide
compared to its binding in a more packed bilayer. Conﬁgurational
entropy (without considering solvent contribution) can span an
important range of values depending on the nature and tightness of
the binding process. For example, a comparison between loose
(pentapeptide adsorption on a bilayer) [55] and tight (protein/protein
in a crystal) [56] binding give entropic costs ranging from −1.3 to
−15 kcal/mol respectively.
Lipids also play a determinant role in the thermodynamics of
binding. Wieprecht and Seelig studied by calorimetry the thermody-
namics of magainin 2 amide (M2a) (an antimicrobial peptide) binding
to large and small unilamellar vesicles (LUV and SUV respectively)
[57]. They found that the free energy was globally the same, but there
is an enthalpy/entropy compensation mechanism. Entropy favors
M2a binding to LUV but opposes its binding to SUV. This was ex-
plained by a lower increase of disorder of the lipids uponM2a binding
to SUV than to LUV. This behavior should not apply to ALPS since it
cannot bind to LUV and has a high afﬁnity only for SUV. It would be
interesting to study in details the thermodynamics of ALPS binding to
highly curved membranes by both experiments (calorimetry) and
simulations. Notably, ﬁnd out whether the binding process is enthalpy
or entropy driven. As a ﬁrst step in this direction, Voth and coworkers
recently estimated the thermodynamics of binding of another motif
sensitive to curvature (H0 from endophilin). Using a technique
that accelerates sampling (metadynamics), the α-helix was found to
be favored by a few kcal/mol over unfolded conformations on a
convex membrane [30]. However, they could not get convergence of
metadynamics on ﬂat or concave membranes. It was claimed that in
such conditions, the peptide was kinetically trapped and unable to
ﬁnd the folded helical state.
4.4. A sequence for sensing membrane curvature through packing defects
Antonny and coworkers showed that ArfGAP1 curvature sensing
properties is in fact due to the ability of its ALPS motifs to sense a
membrane with packing defects [17–19]. The minimal ALPS sequence
(F199-S223) able to bind to curved membranes has a very speciﬁc
amino-acid composition (Ser/Thr rich and it is amphipathic) com-
pared to regular amphipathic helices [25]. In this work we tested a
slightly longer sequence (D197-K231) because it is more soluble in
water than the minimal one (Drin, personal communication). In-
terestingly, only the central part raised clear structural and dynamic
differences between pure DOPC and DOPC/DOG. This suggests that the
key core able to sense lipid packing lies between S10 and S24. Some
other ALPS-like sequences able to sense curvature [25] are presented
in Table 3. They all share an alternation of bulky (‘B’), followed by
small and polar/neutral (‘s’) residues resulting in a speciﬁc ‘BssB’
pattern (sometimes ‘BsssB’). Aromatic residues as ‘B’ are often present
but it is not a prerequisite. Also remarkable is the low content of
charged residues compared to other amphipathic helices involved in
membrane sculpting mechanisms or antimicrobial peptides. Drin et
al. showed that this feature is important: for example, mutating the
interfacial Ser11 and Thr20 to Lys leads to the complete loss of
curvature sensing (‘2Ki’ mutant) [25]. Mutations of Ser/Thr by Lys at
other positions also perturb curvature sensing, but to a lesser extent.
Replacing Ser/Thr by charged residues such as Lys should retain
interfacial polar interactions, but taken with our simulations we
propose that their presence might also reduce the ﬂexibility available
to the neighboring bulky residues (mainly aromatic in ALPS) by in-
ducing steric effects. Furthermore, Lys (in water) has a higher pro-
pensity for α-helix than Ser and Thr (see Fig. S4b), which might
further reduce the conformational freedom of ALPS central part. The
ﬁrst requirement of having bulky hydrophobic residues for sensing
lipid packing is logical since it increases the afﬁnity of the peptide for
Table 3
Bulky-small&polar-Bulky patterns found in ALPS and ALPS-like sensors. For each motif,
the ﬁrst line shows the sequence, the second line shows the pattern BssB (‘B’=L, T, W,
Y, I, and V which are bulky residues with favorable interfacial partitioning; ‘s’=small
polar S, T, N and neutral residues G, A; ‘–’=charged residues K, R, E, and D). Aromatic
residues are shown in bold. All sequences were taken from Ref. [19].
Protein Start Bulky-small&polar-Bulky Pattern End
ARFGAP1
(ALPS1)
198 DDFLNSAMSSLYSGWSSFTTGASKFASAAKEGATK 226
..BBsssBssBBssBssBsssss-B..........
ARFGAP1
(ALPS2)
270 SGVSQLASKVQGVGSKGWRDVTTFFSG 296
..Bs Bss-B sBss-sB--BssBB..
GCS1 240 ADPLGTLSRGWGLFSSAVTKSFE 262
...BssBs-sBsBBsssBs-sB.
GMAP210 1 MSSWLGGLGSGLGQSLGQVGGSLASLTGQISNFTKDML 38
BssBBssBsssBs sBs BsssBssBss BssB.....
NU133 245 LPQGQGMLSGIGRKVSSLFGILS 267
.......BssBs--BssBBsBB.
KES1 7 SSSWTSFLKSIASFNGDLSSLSA 29
...BssBB-sBssBss-BssB..
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and polar residues is less intuitive. In line with our simulations, we
propose that this comes from the need to raise a sufﬁcient extent of
ﬂexibility (small nature) while at the same time they locate in the
interfacial area (polar nature). It would be interesting to simulate
those mutant sequences in membranes at different degrees of lipid
packing.5. Conclusion
We simulated for the ﬁrst time a DOPC bilayer with packing
defects at the phosphate level caused by the presence of DOG. These
defects result in a higher hydration of the lipid headgroups. We also
simulated for the ﬁrst time the ALPS peptide in such a bilayer and
found that it is more ﬂexible than in a more tightly packed membrane
(pure DOPC). Our work suggests that lipid packing sensing may have
an entropic origin as the entropic cost of binding could be lowered by
the increased peptide ﬂexibility. The requirement of having small
polar residues (Ser/Thr but also Gly) for lipid packing sensing may be
attributed to (i) their differential propensity for α-helix in a hy-
drophilic and hydrophobic environments (since the degree of packing
modiﬁes the amount of hydration), (ii) they leave more ﬂexibility to
their bulky hydrophobic (direct) neighbors thanks to their small size.
Our work is a ﬁrst step toward understanding the molecular origins of
the sensing capacities of the ALPS motif. Future interesting directions
will be to understand the molecular details and thermodynamics of
ALPS binding (insertion and folding) to membranes. In particular, one
challenging question will be to understand the afﬁnity of ALPS to
membranes at different degrees of lipid packing.
Abbreviations
ALPS Amphipathic-Lipid-Packing-Sensor
CD circular dichroism
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DOG dioleoylglycerol
LUV large unilamellar vesicle
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SUV small unilamellar vesicle
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